
Superoxide Dismutase
Superoxide dismutases (SOD) are a group of enzymes that catalyze the dismutation of superoxide
radicals (O2−) to molecular oxygen (O2) and hydrogen peroxide (H2O2), providing cellular defense
against reactive oxygen species (24).
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General information
Orgotein, an enzyme (CuZn superoxide dismutase) that is present in
all mammalian cells, is obtained from bovine liver by several steps,
including chromatography. It can be given parenterally or topically
and has been used to treat conditions such as radiation cystitis [1–7],
osteoarthritis [8–11], and Peyronie’s disease [12,13].

However, its efficacy is poor and adverse reactions are common. In
Germany, marketing approval for orgotein was suspended because of
severe reactions and deaths, mostly due to hypersensitivity reactions
[14].
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4.3.2 Superoxidase
SOD is the only antioxidant enzyme that scavenges the superoxide
anion by converting this free radical to oxygen and hydrogen
peroxide, thus preventing peroxynitrite production and further
damage. Free radicals are strongly associated with many pathological
processes in the body. Due to this scavenging ability, SOD has
garnered significant attention for therapeutic use. SOD is extensively
researched and used in anti-inflammatory, antitumor, radiation
protection, and antisenility applications (Luisa et al., 2002; Morikawa
& Morikawa, 1996). However, the clinical application of SOD as a
therapeutic agent has been limited due to its extremely rapid plasma
clearance time, instability, and immunogenicity in vivo. Several
strategies have been proposed to overcome these problems,
including the use of SOD conjugates with alginate–chitosan (Mi,
Shyu, Chen, & Schoung, 1999) or hydrophilic polymers, such as PEG
(Yang et al., 2007), as appropriate delivery systems.

Here, we prepared novel SOD-entrapped silk nanoparticles in
acetone from the regenerated LSF. The activity of the SOD-entrapped
SFNs was determined with a SOD typed assay kit (hydroxylamine
method) (Oyanagui, 1984) provided by Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The results showed that a
SOD-loading amount of 1.0 U/10 mg SFNs is the optimum
concentration at which the activity recovery of SOD-captured SFNs
reaches 79.4% of that of the free SOD (Table 1). The optimum pH of
the SOD-captured SFNs varied widely from 7.0 to 9.5, and these
values are similar to those obtained for native SOD. The optimal
reactive temperature (40 °C) of the entrapped SOD is also the same
as that of native enzyme. The wet thermostability of the modified
SOD is higher than that of free SOD. SOD did not leak from the
entrapped enzyme after being stored in solution for 6 months. The
entrapped SOD also remained stable in vitro and in vivo. Modified
SOD incubated in 1.0% pepsin for 48 h retained 97.8% of its original
activity, while native SOD incubated in 1.0% pepsin for 24 h only
retained 57.4% of its activity. When the captured SOD (200 U/kg BW)
was subcutaneously injected into rats, the IC  of SOD detected in
the serum of the rat was 36 h, while the value of free SOD in the rat
was only 18 h. These results indicate that the biological stability of
the enzyme increased after being entrapped in the SFNs both in vitro
and in vivo. These results for SOD modified in SFNs are the almost
same as those obtained for GOD in SFNs.
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Superoxide Dismutase
SOD catalyzes the dismutation of superoxide into oxygen and
peroxide (H O ). In eukaryotes, including humans, there are three
forms of SOD isoenzyme: (1) copper, zinc-dependent SOD (Cu, Zn
SOD), (2) manganese-dependent SOD (Mn SOD), and (3)
extracellular SOD (EC-SOD).

Lu et al. showed that the upregulation of SOD1/2 expression resulted
in oxidative damage of RPE cells.  A high level of erythrocyte SOD
activity was not associated with AMD in a population-based cross-
sectional POLA study.  Klein documented that increased activity of
SOD correlated with twofold increase in nuclear cataract. It has been
proved that some forms of cataract were associated with increased
risk of AMD.  Frank et al. showed that the immunoreactivity of SOD
in the cytoplasm and lysosomes tended to increase with age in
macular RPE cells with and without wet AMD,  while the SOD
antioxidant activity in RPE cells tended to decline with age.
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27.3.1.1 Superoxide Dismutase
SOD exists in three different isoforms: SOD1, SOD2, and SOD3.
SOD1 is distributed throughout the cell cytoplasm, nucleus and in
the lumen between outer and inner membranes of mitochondria,
SOD2 isoforms are located in matrix of mitochondria, while SOD3 is
found mostly extracellularly. SOD is an enzymatic antioxidant that
catalyzes the conversion of  to H O  and helps maintain the
redox balance by diffusing the superoxide. Therapeutically increasing
the levels of SOD could be an important treatment strategy in
oxidative stress-induced pathology. However, exogenous SODs
administration may be problematic; the drawbacks of SOD therapy
are hypersensitivity, low half-life and low uptake. Accordingly, several
types of SOD mimetics have been constructed which may increase
the level of endogenous SOD and act to catalyze the removal of
superoxide species. Several classes of SOD mimetics have been found
to be effective in animal models of various diseases. For example,
SOD3 has been found to be more effective therapeutic target in
emphysema than other isoforms of SOD (Sorheim et al., 2010).
Studies have shown that administration of a SOD mimetic in SOD3
knockout mice resulted in a significant decrease in elastase-induced
emphysema (Yao et al., 2010).

SOD2 was found more physiologically important in CVDs. In a study,
SOD2 silencing in apolipoprotein-deficient mice resulted in
endothelial dysfunction in carotid artery (Ohashi et al., 2006).
Although SOD mimetics have displayed efficacy in diabetes
experimental models, its role in improving vascular complication
remains controversial in patients (Rochette et al., 2014). The reason
behind this could be that SOD produces excessive hydrogen
peroxide, which is known to cause irreversible endothelial damage. In
such cases, a combination of SOD mimetics along with catalase
mimetics could be helpful in patients with vascular complications. In
diabetes, SOD mimetics have been developed as therapeutic
alternatives. Metalloporphyrin-based SOD mimetics were found to be
effective in T-cell mediated autoimmune diabetes (Piganelli et al.,
2002). These findings suggest that elevating the endogenous levels of
SOD can be effective therapeutic strategy in oxidative stress-induced
pathology. SOD mimetics have also been tested along with
radiotherapy in the cancer treatment. SOD could inhibit superoxide-
induced DNA strand breaks, which suggests its importance in cancer
therapy. SOD has also been used to ameliorate the ill effects of cancer
radiotherapy. SOD also acts as anti-inflammatory due to its inhibitory
effects on the release of lipid peroxidation-derived prostaglandins,
thromboxane and leukotrienes, making it a potent traditional
therapeutic target for the treatment of oxidative stress-induced
pathologies.
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3.2 Superoxide Dismutase
Superoxide dismutase (SOD) is one of the antioxidant proteins. SOD
catalyzes the dismutation of superoxide anion to hydrogen peroxide,
which is subsequently detoxified to oxygen and water by catalase or
glutathione peroxidase. SOD does not bind to cellular membranes
and is rapidly excreted from the kidney. Three isoforms of SOD are
found in humans: copper/zinc (Cu/Zn)-SOD, manganese (Mn)-SOD,
and extracellular (EC)-SOD. Since Cu/Zn-SOD is a key antioxidant
and is reduced in inflamed colonic tissues, this enzyme as a
treatment for IBD has been investigated. Administration of Cu/Zn-
SOD suppressed the development of experimental colitis. These
findings raised the possibility that SOD could be of therapeutic
benefit in the treatment of IBD. However, clinical early trials of
Cu/Zn-SOD for patients with IBD showed no remarkable
improvement, because of its low affinity in plasma and short half-life
of only a few minutes [55]. PC-SOD is a lecithinized human Cu/Zn-
SOD, in which four phosphatidylcholin-derivative molecules are
covalently bound to each SOD dimmer. Study to clarify the effects of
PC-SOD and unmodified-SOD was done in experimental colitis
induced by 4% DSS [56]. Colon shortening by inflammation, crypt
loss, and infiltration of leukocytes were significantly ameliorated in
the PC-SOD treated animals more than in the unmodified SOD-
treated animals. However, higher doses of PC-SOD had no
significant effect on the colon disease activity index. Decrease in
levels of superoxide anion released from activated neutrophils was
more pronounced in PC-SOD than in unmodified SOD. Increased
hydrogen peroxide levels in DSS-treated animals were decreased by
PC-SOD administration only in the presence of simultaneous
administration of catalase. An increased mRNA expression of TNF-α
and IL-1β in DSS-induced colitis was suppressed by administration
of PC-SOD, but that of IL-6 and IL-23p19 was not suppressed. These
data suggested that PC-SOD lowered the intestinal levels of ROS,
resulting in suppressing the expression of TNF-α and IL-1β and
ameliorating DSS-induced colitis. Increased levels of NF-κB in DSS-
induced colitis were also suppressed by administration of a low dose
of PC-SOD and a high dose of PC-SOD with catalase.

Another method to clarify the role of superoxide dismutase is a
superoxide dismutase gene transfer [57]. Extracellular SOD (EC-SOD)
is an isozyme of SOD functions mainly in body fluids. The syngenic
fibroblasts retrovirally transduced with the EC-SOD gene transfer
were inoculated subcutaneously in the backs of DSS-induced colitis
mice. This treatment showed a significant improvement in disease
activity index (DAI) score, histologic severity, and mucosal tissue
levels of inflammatory cytokines, 8-hydroxydeoxyquanosine, and
MDA of colitis mice. In colitic interleukin-10 knockout mice,
treatment of colitis mice with SOD reduced an increased expression
of endothelial vascular cell adhesion molecule-1 and mucosal
addressin cell adhesion molecule-1, as well as colonic lipid
hydroperoxidation and myeloperoxidase activity [58].

Lactobacillus gasseri expressing Mn-SOD were used to ameliorate
colitis of the IL-10 deficient mouse model [59]. L. gasseri producing
Mn-SOD significantly reduced inflammation in IL-10 deficient mice
compared with untreated controls. The antiinflammatory effects of L.
gasseri were associated with a reduction in the infiltration of
neutrophils and macrophages. A similar study using L. plantarum and
Lactococcus lactis engineered to express SOD were tried, to
ameliorate TNBS- induced colitis in rats.
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Superoxide dismutases
Superoxide dismutases (SODs) catalyze the dismutation of
superoxide anion (O ) to H O  and O . T. cruzi has four genes
encoding for iron-dependent SODs, two of which have been cloned
and the recombinant proteins characterized.  One of these
enzymes is cytosolic (TcSODA) while the other (TcSODB) is
mitochondrially-localized. The recombinant enzymes are inactivated
by peroxynitrite and the crystal structure of TcSODA has been
reported.  Inhibitors of the iron-containing superoxide dismutases
of trypanosomatids have been found and proposed as possible
trypanocidal agents.  However, it is not self-evident that in an
organism deficient in hydrogen peroxide detoxification, superoxide
dismutase inhibition will be toxic. This assumption takes for granted
that superoxide is the ultimate toxic species. However, it is
conceivable that the hydrogen peroxide formed by the action of
superoxide dismutase, and the hydroxyl radical eventually derived
from it, are more cytotoxic than superoxide itself. If this is so,
superoxide dismutase produces the toxic agent and superoxide
dismutase inhibition may be protective as long as hydrogen peroxide
cannot adequately be detoxified. Interestingly, a superoxide
dismutase inhibitor was shown to decrease the parasitemia levels of
T. cruzi in infected mice.  Overexpression of cytosolic/glycosomal
SOD (SODB1) in T. cruzi increases their susceptibility to benznidazole
and crystal violet but has no effect on the action of nifurtimox.  The
reason for these effects is unknown.

View chapter Purchase book

Oxidative Stress and Cell Death in
Cardiovascular Disease
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Cytosolic and mitochondrial superoxide dismutases
SODs catalyze the conversion (dismutation) of O ·  into molecular
O  and H O , playing a key role in the cellular antioxidant defense
system (Figure 14.5A). SOD-catalyzed reaction is very fast with a
turnover of 2×10  M  sec .  SODs represent metalloenzymes, and
three SOD isoforms are known: Cu/Zn-SOD, Mn-SOD and Fe-SOD.
In human cells, these isoforms have distinct intracellular localization:
Cu/Zn-SOD is a homodimeric cytosolic (SOD1) or extracellular matrix
(SOD3) enzyme, whereas Mn-SOD (SOD2) and Fe-SOD are
homotetrameric enzymes located in the mitochondrial matrix and in
the extracellular space, respectively.  Mitochondrial SOD2 accounts
for up to 90% of total SOD activity in cardiomyocytes.  Increased
ONOO  can inactivate SOD2 through nitration of Tyr34 located in
the enzyme active site.
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Figure 14.5. Reactions catalyzed by antioxidant enzymes, such as superoxide dismutase (SOD; A), catalase (CAT; B), and
glutathione peroxidase (GPx; C).

GSH, glutathione; GSSH, disulfide form of glutathione; ROOH, various hydroperoxides, including H O

NO, nitric oxide; NOS, nitric oxide synthase; O , superoxide; ONOO , peroxynitrite; XDH, xanthine dehydrogenase; XO,
xanthine oxidase; XOR, xanthine oxidoreductase.

Roles of SODs in cellular defense against OS have been confirmed in
genetically modified animal models. SOD1  mice develop normally
and exhibit no marked phenotype under normal conditions, but they
are more susceptible to myocardial IRI. SOD2 deficiency is associated
with mtDNA damage and accelerates the development of
atherosclerosis in ApoE  mice.  Inactivation of extracellular SOD3
contributes to the development of high-volume hypertension.
However, current data on dynamics of cardiac SOD activity are
controversial; Sam et al.  have reported decreased SOD activity
associated with elevated ROS generation in the human failing heart,
whereas others have not detected any significant changes in
myocardial SOD levels or activities in patients with HF.
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Superoxide Dismutase
SOD is a key enzyme in the detoxification of free radicals. It removes
superoxide anions derived from extracellular sources, including
ionizing radiation and oxidative insult, together with those primarily
generated within the mitochondria as byproducts of O  metabolism
through the electron transport chain and prevents hydroxyl radical
formation.  O  formation is the first step in the cascade of univalent
reductions of O , and it is the first indicator of increased ROS
production. Therefore, SOD may be an indicator of the antioxidant
defense system.  SOD also plays a critical role in inhibiting the
oxidative inactivation of NO, thereby preventing peroxynitrite
formation. Three distinct isoforms of SOD have been identified and
characterized in mammals: copper-zinc SOD, manganese SOD, and
extracellular SOD.
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The Erythrocyte
John W. Harvey, in Clinical Biochemistry of Domestic Animals (Sixth
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1 Superoxide Dismutase
Superoxide dismutase (SOD) is a copper- and zinc-containing
enzyme that was first isolated from cattle blood (McCord and
Fridovich, 1969). It promotes the dismutation of two O  molecules
to H O  and O  (Fig. 7.5). SOD helps prevent the buildup of
superoxide, which can act as an oxidant by itself, or combine with
H O  to form the .OH radical, or combine with NO to form
peroxynitrite (Pryor et al., 2006). The activity of SOD in RBCs of
domestic animals is about the same as or higher than that in humans
(Harvey and Kaneko, 1977; Suzuki et al., 1984). RBC SOD activity is
reduced in animals fed diets deficient in copper (Andrewartha and
Caple, 1980; Williams et al., 1975). Zinc is also needed for optimal
activity, and consequently, SOD activity may also be low in zinc-
deficient animals (Hirose et al., 1992).
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